Synovial sarcoma (SS) is a rare soft-tissue tumor that affects children and young adults. It is characterized by the chromosomal translocation t(X; 18)(p11.2;q11.2), which results in the fusion of the SYT gene on chromosome 18 with a SSX gene on chromosome X. In the majority of cases, SYT is fused to exon 5 of SSX1 (64%), SSX2 (36%), or, rarely, SSX4. A novel fusion transcript variant deriving from the fusion of SYT to exon 6 of SSX4 gene (SYT/SSX4v) was found coexpressed in one of the previously reported SYT/SSX4 cases. In the present investigation, we describe a new SS case that was previously shown to be negative for SYT/SSX1 and SYT/SSX2 expression by conventional reverse transcription polymerase chain reaction (RT-PCR) methods. By redesigning and optimizing the RT-PCR protocol, we were able to detect SYT/SSX4v as the sole fusion transcript expressed in this tumor sample. This finding suggests that this novel fusion gene, which involves exon 6 of SSX only, is sufficient to keep the transforming function conferred by the SYT/SSX translocation of SS. In about 3% of morphologically, ultrastructurally, and immunohistochemically defined SS, the SYT/SSX fusion transcript is not detected using conventional RT-PCR. Here we demonstrate that optimization of the RT-PCR method is important for detecting different and unexpected SYT/SSX variants, which otherwise could be overlooked. Using nine cases of SS in which SYT/SSX fusion transcripts were not detected by conventional RT-PCR methods, we demonstrate the presence of SYT/SSX transcripts in two cases using the proposed RT-PCR approach. Applications of optimized RT-PCR can contribute to reduce falsenegative SYT/SSX SS cases reported in literature.
Synovial sarcomas (SS) account for 7 to 10% of all human soft-tissue sarcomas and are mainly located in the extremities in the vicinity of large joints (1) . Depending on histomorphological appearance, SSs are usually subdivided into two major forms, biphasic and monophasic. Biphasic SSs are composed of both epithelial cells arranged in pseudoglandular structures and spindle cells, whereas the monophasic form is generally composed of spindle cells alone without evidence of epithelial differentiation (1) . SS is, regardless of histological subtype, genetically characterized by the chromosomal translocation t(X;18)(p11.2;q11.2) (2, 3), which is exclusively found in this malignancy (4 -8) . The t(X;18) leads to the fusion of the SYT gene on chromosome 18 , and an SSX gene on the X chromosome (9, 10) . The SYT gene is widely expressed in normal human tissues (9) . The SSX genes constitute a family of, so far, six known highly homologous genes, SSX1-6 (11) (12) (13) , where SSX6 has been reported recently in the public human genome domain. A splice variant of SSX4 lacking exon 5 has also been reported (13) . Despite the restricted expression of SSX genes to normal testis and, at lower levels, to the thyroid gland (4, 11) , some of them are frequently found in human malignancies. This fact contributed to define SSX protein products as "cancer-testis antigens" (13) (14) (15) . The fusion gene involved in SS is most commonly composed of either SYT/SSX1 or SYT/SSX2. Only two cases of SYT/SSX4 have been reported to date (16, 17) . We also recently isolated a novel fusion transcript variant involving the fusion of SYT to exon 6 of SSX4 (lacking exon 5), designated SYT/ SSX4v, found to be coexpressed with full-length SYT/SSX4 (18) . Interestingly, it has been shown that in patients bearing SS, the expression of specific SYT/SSX fusion genes can affect the clinical outcome of this neoplastic disease. In fact, the expression of SYT/SSX1 transcript has been demonstrated to correlate with short metastasis-free survival and higher tumor proliferation rate, with respect to SYT/SSX2-expressing tumors (19 -21) . The relation between the expression of SYT/SSX4 variants and clinical outcome is not known because of the few identified cases so far. SSX3, SSX5, and SSX6 genes have not been found fused to SYT in SS (12) .
Although SYT/SSX fusion gene is considered specific for SS, it has not been detected in about 3% of these lesions, despite morphological characterizations that define these tumors (1, 22) . Here we report that optimization of the RT-PCR protocol for molecular analysis of SSs can at least in part resolve this issue. In fact, by this approach, we were able to detect unexpected SYT/SSX transcripts in cases of SS previously considered negative and to identify a new case of SS expressing exclusively the SYT/SSX4 variant (SYT/SSX4v) that lacks exon 5 of the SSX4 gene.
MATERIALS AND METHODS

RNA Extraction and Reverse Transcription
RNA was isolated from primary tumor sample histologically characterized as SS. Five-microliter total RNA was reverse transcribed with random nanomers (Amersham Pharmacia Biotech, Buckinghamshire, UK) according to standard procedures in a 20-L reaction mixture containing 500 M dNTP each (PE Applied Biosystems, Foster City, CA) and using Enhanced AMV-reverse transcriptase (Sigma, Saint Louis, MO).
Detection of SYT/SSX by PCR
A nested PCR method was optimized for the detection of SYT/SSX fusion genes. Briefly, the outer PCR was carried out as shown in Figure 1A . For the specific detection of SYT/SSX1 and SYT/SSX2 a standard method (21) was used (Fig. 1B-C) , using the primers previously reported (4, 10, 11). We designed a nested PCR for the wide detection of all splice variants of SYT/SSX by optimizing the reaction conditions and introducing new sets of primers (SYT 343ϩ and SYT5) as described ( Fig. 1A and D) . Fusion transcripts containing exon 5 were detected by using a primer located in this specific region (Fig. 1E ). All PCR reactions were carried out in accordance with the precautions previously described by Kwok and Higuchi (23) . PCR products were separated in a 1% agarose gel containing ethidium bromide and were visualized in a Fluor-S MultiImager System (BioRad, Hercules). PCR fragments were direct sequenced by cycle sequencing with dye-labeled terminators (BigDye Terminator Cycle Sequencing kit, PE Applied Biosystems) and analyzed on a DNA sequencer ABI PRISM 310 (PE Applied Biosystems).
Cloning
Cloning of SYT/SSX4v was carried out by seminested PCR amplification of DNA from the SS sample using primers spanning the start codon of SYT (SYT ϩ1: 5'-ATGGGCGGCAACATGTCTGTGG-3') and the 3' untranslated region of SSX (SSX 2-3: 5'-TGCTA-TGCACCTGATGACGA-3'and SSX 576-: 5'-ATTCG-AGCTCGAATTCCYAGGGGAGTTACTCGTCA-3'). The product was visualized by ethidium bromide staining in a 1% agarose gel, purified using commercial PCR preparations (Wizard PCR preparations DNA purification system; Promega, Madison, WI) and cloned into pGEM-T (Promega). Clones containing the insert were screened by PCR using vector primers RIT 27 (5'-GCTTCCGGCTCGTATGTTGTGTG-3') and RIT 28 (5'-AAAGGGGGATGTGCTGCAAGGCG-3') and inner primers within the SYT/SSX sequence. Thereafter, full sequencing was performed for confirmation.
RESULTS
Clinical History
A 36-year-old woman was referred for pain in the right trochanteric region in 1994. Ordinary roentgenograms were performed, with no signs of pathology. Three years later, a new radiological investigation was performed. Radiographs showed a mass of 2 ϫ 3 cm localized deep in the subcutaneous tissue in apparent relation to the muscle. The radiological features as well as the slow growth of the lesion were considered compatible with a benign lesion, but unfortunately no biopsy was performed. A new radiological investigation was required in April 2000, showing a tumor mass 5 ϫ 6 cm in size, which finally was resected surgically. The histological report was suggestive of SS. As a result, extended radical surgery was performed. Five months later, the patient underwent computed tomography assessment that showed multiple secondary lesions in the lung and suspected recurrence at the site of the primary tumor. We received frozen and formalin-fixed tissue samples for the molecular characterization of this tumor, here designated SS-I.
Microscopic Description
The reported lesion represented a classic biphasic SS in which both epithelial cells and fibroblastlike spindle cells were observed ( Fig. 2A) . Epithelial cells showed large vesicular nuclei and abundant pale-staining cytoplasm. Glandular structures and epithelial areas were clearly represented and were abundant in the same areas ( Fig. 2A-E) . The surrounding spindle cells consisted mostly of welloriented fibroblast-like elements of uniform appearance, with small amounts of indistinct cytoplasm and dark-stained nuclei. As reported in these tumors, cellular portions were alternated with less cellular areas in which collagen deposition and myxoid changes were visible (Fig. 2D-E) . Immunostaining using antibodies to tissue-specific markers was also performed. There was a strong reactivity for vimentin and cytokeratin (especially in cells with epithelial differentiation) and instant slight reactivity for S-100 but negativity for muscular actin (data not shown). This immunoprofile is consistent with SS (1). Mitotic figures were scantily expressed. Solid and compact sheets of SS cells showing an active proliferation rate were detected immunohistochemically using an mAb to cyclin A (data not shown).
Molecular Analysis
Standard SYT/SSX1 and SYT/SSX2 RT-PCR reactions were carried out using previously reported specific oligonucleotide primers for SYT/SSX1 and SYT/SSX2 (4, 10, 11), respectively, as reported in Figure 1B -C. We used these primers to detect the fusion transcript type expressed in the SS-I, but neither SYT/SSX1 nor SYT/SSX2 were detected in this sample (Fig. 3A-B) . Well-characterized SS samples expressing SYT/SSX1, SYT/SSX2 or SYT/SSX4 were used as positive controls. As reported previously, SYT/SSX1-and SYT/SSX2-specific RT-PCR primers can also anneal SYT/SSX4 because of the mismatch of a few base pairs (17; Fig. 3A-B) . Using an optimized nested RT-PCR amplification that includes outer and inner oligonucleotide primers specific for SYT sequences located far upstream from the fusion gene breakpoint, an outer SSX oligonucleotide primer specific for a sequence in the untranslated region, and an inner oligonucleotide primer at the 3'end of the SSX involved in the fusion gene (Fig. 1A and D) , led to a robust detection of specific SYT/SSX fusion transcript in all tumor samples including the SS-I sample. In this analysis, we observed that the amplified fragment in SS-I was shorter than that of the control samples (Fig. 3C) , suggesting the possibility to detect also SYT/SSX splice variants. The SS-I fragment was later shown to be shorter because of the lack of exon 5, as proved in an exon 5-specific PCR reaction (Fig. 3D) . To determine the SYT/SSX fusion types and the specificity of the RT-PCR reaction (Fig. 1D) , the amplified fragments from SS-I and controls (Fig.  3C) were isolated and sequenced. The sequence of the shorter fragment amplified from SS-I (Fig. 4B) was identified as the SYT/SSX4v that lacks exon 5 of the SSX transcript when analyzed against SYT/SSX sequences reported to GenBank. Attempts to clone the full-length cDNA of SYT/SSX4v were performed as described in Materials and Methods, but we were only able to isolate a partial cDNA clone (Fig. 4B) . As a consequence of the lack of exon 5 in the SSX part, the predicted amino acid sequence was found to be different from the reported fusion gene transcript because of a shift in the open reading frame downstream of the breakpoint. Because the optimized RT-PCR method proved to be highly sensitive for the detection of SYT/SSX transcripts, we analyzed nine SSs previously shown to be SYT/SSX negative by conventional RT-PCR protocols ( Fig. 5A and B). At least two of them were found to express SYT/SSX-specific transcripts (Fig. 5C ). SYT/SSX amplicons were detected after only 20 cycles (Fig. 5D) . Sequencing of the fragments in Figure 5C demonstrated that one of them (Fig. 5C, Lane 3) carried a SYT/SSX1 variant lacking 132 bp (Exon 10) of the SYT gene and with the addition of 144 bp (Exons 3 and 4) of the SSX1 gene. This splice variant has previously been described (11) , and its schematic presentation is shown in Figure 5E . The other SYT/ SSX-positive case was found to express SYT/SSX2 (Fig. 5C, Lane 7) .
DISCUSSION
Despite the high homology between the six different SSX members, only SSX1, SSX2, and SSX4 have so far been found fused to SYT in the t(18:X) translocation, which is considered to be specific for SS. Of 287 SYT/SSX-positive cases reported in the literature, about 64% express SYT/SSX1, and 36%, SYT/SSX2 (reviewed in Ref. 24) . Only two cases involving SSX4 have been reported to date (16, 17) in which co-expression of SYT/SSX4v was detected in the latter case (18) . The present case of SS-I is a rare SS in which the sole expression of SYT/SSX4v transcript has been detected.
The difficulty in identifying new and/or unexpected fusion transcript variants expressed in SS, other than the fusion genes reported above, can be attributed to (1) a higher prevalence of SYT/SSX1 and SYT/SSX2 in the tumor samples that compete out the detection of rare variants in RT-PCR reactions; (2) differences in recombination sites of different SSX genes that increase the probability of rearrangements for SSX1 and SSX2 with respect to other SSX members; (3) poor optimization of the PCR methods in use that leads to the preferential detection of SYT/SSX1 and SYT/SSX2 fusion transcripts using specific primers restricted to SSX1 and SSX2 sequences. The coexistence of different splice variants of SYT/SSX fusion transcripts in SSs was recently described by our group (18) , suggesting that subpopulations of cells expressing such fusion transcript variants might affect the present fusion gene classification of SSs.
An important aspect of the present study is represented by the fact that SYT/SSX4v is exclusively expressed in the reported lesion, suggesting that exon 5 of SSX, which is excluded in this gene fusion, may not be crucial for the malignant phenotype of SS. This is surprising because exon 5 has been proposed to be the most important part of the SSX involved in the transforming ability of SYT/SSX. The major base-pair differences between SYT/SSX1 and SYT/SSX2 are found within this exon (18 differences), together with several differences in potential phosphorylation and N-linked glycosylation sites (11) . Exon 5 has therefore been suggested to be the region responsible for the biological and clinical differences between the two fusion gene variants SYT/SSX1 and SYT/SSX2 (17, 21) . The absence of exon 5 in the present case could suggest that the "transforming potential" of SYT/SSX fusion protein is probably related to the SSX part codified by exon 6. Also, the SSXRD domain of SSX, which is responsible for repression of transcription (24) , is located within this exon. This region has also been shown to be responsible for the nuclear distribution of SSX to the nucleus (25) . Therefore, this part of SYT/SSX has been proposed to play a crucial role in SS development (26) . However, this is contradicted by the finding of Sonobe et al. (27) , in which an SS case carrying a truncated variant of SYT/SSX1, which lacks the 240 bp of the 3' portion of SSX including the SSXRD, was identified.
Highest divergence in amino acid sequence between the SYT/SSX1 and SYT/SSX2 fusion proteins is found in a stretch of 35 amino acids (from amino acid 119 to 154). Within this region, called DD (divergent domain), there are 12 amino acid differences between the two sequences. Most of this domain is preserved in the truncated SYT/SSX1 variant reported by Sonobe et al. (27) . This domain has therefore been proposed by dos Santos et al. (26) to be another critical domain for the oncogenic potential of SYT/SSX1. Interestingly, the DD is completely removed from the present case where SYT/ SSX4v is exclusively expressed. Moreover, as a consequence of the removal of exon 5 in SYT/SSX4v, which leads to a shift in the downstream open reading frame, the predicted amino acid sequence is different from other SYT/SSX fusion transcripts. This has also been predicted in the SSX4v sequence by Gure et al. (13) , who state that the resulting 42 amino acids at the carboxy terminus, which are also included in the SYT/SSX4v, shows no homology to other SSX proteins.
These results suggest that the major malignant transformation potential of SYT/SSX lies within the SYT region of the fusion gene, or alternatively, it may result from the alteration of SYT normal function because of the addition of a nonspecific part of SSX. This is also indicated by the results presented by Nagai et al. (28) , in which the responsible regions for transforming activity in SYT/SSX1 were examined using deletion mutants. Three different deletion mutants (dN lacking 181 aa at the N-terminal region of SYT/SSX1 [within the SYT part]; dQPGY lacking 198 aa within the QPGY domain [within the SYT part]; and dC lacking 34 aa at the C-terminal end [within the SSX part]) were transfected into 3Y1 cells and plated into soft agar to examine the anchorage-independent growth. The only cells not able to form colonies of significant size were the SYT/SSX1-dN-expressing 3Y1 cells, indicating that deletion of the N-terminal 181 amino acids of SYT/SSX1 causes loss of transforming capability. The same authors showed that the binding region of SYT/SSX1 to the chromatin remodeling factor hBRM/hSNF2␣, which regulates transcription and was shown to be essential for the SYT/SSX1-dependent transforming activity, was located within this amino acid stretch. However, de-spite the fact that wild-type SYT, which contains eight amino acids in the C-terminal that are lost when fused to SSX, was still able to bind hBRM/ hSNF2␣, it did not have any transforming potential. This could indicate that some additional parts of SSX are essential for SYT to achieve the transforming activity of SYT/SSX in SS. However, further structural and functional analysis of SYT/SSX molecules will be necessary to better understand this issue.
Few molecular variants and spliced transcripts of the SYT/SSX fusion gene have been reported in literature (4, 11, 18, 27, 29, 30) . However, the molecular characterization of these variants will contribute to better understanding the biological role played by SYT/SSX translocations, as well as the functional significance of the different portions of these chimeric proteins.
The SYT/SSX fusion transcript has not been detected in about 3% of SSs reported in the literature, despite morphological, ultrastructural, and immunohistochemical features that define these tumors (1, 22) . One possible explanation for this is that these cases represent fusion gene variants in which either the SYT or the SSX oligonucleotide primers used in the RT-PCR fail to bind specific cDNA regions because of differences in breakpoint location or alternative splicing. Re-evaluation of these cases using an optimized RT-PCR method may result in the isolation of novel SYT/SSX fusion transcripts, contributing to definitively clarify the possibility that the SYT/SSX fusion gene is necessary and sufficient for the origin and development of SS. In this work, we stress that it is not sufficient to use conventional SYT/SSX1-and SYT/SSX2-specific RT-PCR methods to fully characterize SS at molecular level. In fact, we demonstrate the expression of a rare SYT/SSX4 fusion gene in an otherwise RT-PCR-negative SS case, using an optimized RT-PCR approach. However, the use of consensus primers for SYT/SSX with SSX primers specific for the region including the 3'end of exon 6 could miss fusion gene variants. This was illustrated by the truncated SYT/SSX variant described by Sonobe et al. (27) , in which exon 6 was missing and the SS case was SYT/SSX negative by such RT-PCR approach. The unexpected fusion variant transcript was instead found using 3' RACE (27) , which shows that careful attention is needed for identification of SSs when no fusion gene transcript can be found using conventional SYT and SSX primers for RT-PCR.
